Olfactory receptor neurons (ORNs) convey sensory information directly to the CNS via conventional glutamatergic synaptic contacts in olfactory bulb glomeruli. To better understand the process by which information contained in the odorant-evoked firing of ORNs is transmitted to the brain, we examined the properties of glutamate release from olfactory nerve (ON) terminals in slices of the rat olfactory bulb. We show that marked paired pulse depression is the same in simultaneously recorded periglomerular and tufted neurons, and that this form of short-term plasticity is attributable to a reduction of glutamate release from ON terminals. We used the progressive blockade of NMDA receptor ( 
Introduction
Olfaction begins in the olfactory epithelium, where odorants bind G-protein-coupled receptors on the dendritic cilia of olfactory receptor neurons (ORNs) (Firestein, 2001) . Receptor activation initiates a cascade of events that leads to the opening of cyclic nucleotide-gated channels and membrane depolarization (Nakamura and Gold, 1987) . Activity in ORNs is conveyed directly to the brain via olfactory nerve (ON) input to the olfactory bulb. Here, ON terminals make excitatory glutamatergic synapses onto the dendrites of principal mitral and tufted (M/T) cells and local interneurons, periglomerular (PG) cells, in olfactory bulb glomeruli.
Recent evidence suggests that individual ORNs express only one of ϳ1000 possible odorant receptors (Chess et al., 1994; Serizawa et al., 2000 Serizawa et al., , 2003 . ORNs that express the same odorant receptor send their axons to the same olfactory bulb glomeruli (Mombaerts et al., 1996) . These findings, and imaging of glomerular activity in vivo (Rubin and Katz, 1999; Wachowiak and Cohen, 2001 ), have suggested that odorant identity is encoded by spatial patterns of activity in the bulb (Mori et al., 1999) . Alternatively, it has been proposed that information about the identity and concentration of odorants can be encoded in the timevarying activity of neurons in the olfactory system (Stopfer et al., 1997 (Stopfer et al., , 2003 .
Regardless of the ultimate coding strategies used for olfaction, the properties of synaptic transmission between ORNs and their postsynaptic targets in the olfactory bulb will constrain how olfactory stimuli are encoded in the brain. In the sensory systems underlying vision and audition, sensory neurons have particular properties that ensure faithful transmission of information from the outside world to the brain. Sensory neurons in the retina and cochlea, for example, have presynaptic specializations called "synaptic ribbons." Ribbon synapses enable sustained transmitter exocytosis (Lenzi and von Gersdorff, 2001) and are believed to contribute to the high fidelity transmission of sensory information (Juusola et al., 1996; Laughlin et al., 1998) . In contrast to these unusual anatomical specializations, ORNs appear to have rather conventional nerve endings in the olfactory bulb (Pinching and Powell, 1971; White, 1972 White, , 1973 . Do the synapses of ORNs in the olfactory bulb also possess features that enable information about sensory stimuli to be passed efficiently from receptor neurons to the CNS?
To better understand how olfactory information is transmitted to the brain, we examined the intrinsic features of synaptic transmission between ORNs and their synaptic targets in the olfactory bulb. We found that ORN synapses show marked paired pulse depression (PPD), and that this short-term plasticity is mediated presynaptically. We used several independent approaches to estimate the probability of release (P r ) from ON terminals and found that the P r is unusually high (Ն0.8). The glutamate concentration at ORN synapses does not change when P r is lowered, indicating that multivesicular release does not contribute to the peak amplitude of synaptic responses. We also demonstrate that glutamate release from these synaptic terminals is not as steeply dependent on extracellular Ca 2ϩ as most other central synapses. Together, these results suggest that the olfactory system has developed unusual features of synaptic signaling to transmit olfactory information to the brain.
Materials and Methods
Slice preparation and electrophysiology. Olfactory bulb and piriform cortex slices (ϳ300 m) were prepared from 2-to 4-week-old Sprague Dawley rats in accordance with institutional and national guidelines using standard procedures. Slices were maintained in artificial CSF (aCSF) containing (in mM): 83 NaCl, 2.5 KCl, 3.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 22 glucose, 72 sucrose, and 0.5 CaCl 2 , and equilibrated with 95% O 2 /5% CO 2 at 34°C for 30 min and at room temperature thereafter. In the recording chamber, slices were viewed via infared differential interference contrast optics (BX-51W1; Olympus Optical, Melville, NY) and superfused with aCSF containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 22 glucose, and 2.5 CaCl 2 . Extra Mg 2ϩ was added to aCSF containing reduced Ca 2ϩ to maintain a constant concentration of divalent ions between conditions.
Whole-cell patch-clamp electrodes (ϳ3 M⍀) were pulled from thin wall borosilicate glass and filled with a solution containing (in mM): 135 D-gluconic acid, 135 CsOH, 5 NaCl, 10 HEPES, 12 phosphocreatine, 0.2-0.5 EGTA, 3 Mg-ATP, and 0.2 Na-GTP, pH ϳ7.35, 300 mOsm. In experiments examining NMDA receptor (NMDAR)-mediated responses, the internal solution contained 10 mM EGTA. Series resistance for whole-cell recordings was typically Ͻ10 M⍀ and routinely compensated electronically by Ն90%; the uncorrected liquid junction potential in these recordings was ϳ12 mV. Synaptic currents and field potentials were recorded with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), filtered at 2-5 KHz, and collected and digitized at 10 -20 KHz (ITC-18; InstruTech, Mineola, NY). Data acquisition and analysis were performed with Axograph 4.9 (Axon Instruments) and IGOR Pro 4 (Wavemetrics, Lake Oswego, OR) software. EPSCs and glomerular field EPSPs (fEPSPs) were evoked (0.05-0.13 Hz) via a bipolar electrode placed in the ON layer; fEPSPs in olfactory cortex were evoked via a bipolar electrode placed in the lateral olfactory tract (LOT). Experiments in the olfactory bulb were performed in the presence of sulpiride (100 M) and (2S)-3-{[(1S)-1-(3,4-Dichlorophenyl)ethyl]amino-2-hydroxypropyl)}(phenylmethyl)phosphinic acid (CGP 55845; 5 M) to block presynaptic D2 and GABA B receptors, respectively. Voltage-clamp experiments were performed in the presence of the GABA A receptor antagonist picrotoxin (100 M) at 31-34°C unless otherwise noted; fEPSP recordings were performed at room temperature. Chemicals were purchased from Fisher Scientific (Fair Lawn, NJ); drugs were obtained from either Sigma-Aldrich (St. Louis, MO) [1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), picrotoxin, and sulpiride] or Tocris Cookson (Ellisville, MO) d] cyclohepten-5,10-imine maleate)], L-amino-5-phosphonovaleric acid (L-APV), ␥-D-Glutamylglycine (␥-DGG), and CGP 55845).
Data analysis. The amplitudes of EPSCs and fEPSPs were measured over a 0.5-1 msec window centered at the peak of the response. When EPSCs were evoked in rapid (5-100 msec) succession, the amplitude of the second EPSC was determined by subtracting the average response to a single stimulus from that evoked by paired pulse stimulation.
An estimate of the probability of release was obtained by analyzing the rate at which the open channel NMDAR blocker MK-801 inhibited olfactory nerve-evoked NMDAR EPSCs (Hessler et al., 1993; Rosenmund et al., 1993 (Hessler et al., 1993) . In each case, the forward rate is above the arrow, and the backward rate is below. For simulations, a brief (1 msec) pulse of glutamate (1 mM) was delivered, and model parameters were optimized using a least squares fitting procedure in Axograph 4.9. Glutamate binding rate (Kub) was fixed to a value of 5 M Ϫ1 sec Ϫ1 . Under control conditions, the blocking rate was set to 0, whereas all other parameters were free. In each cell, the optimum parameters from control responses were used to fit the response in MK-801 to determine blocking rate. On average, Kbu (unbinding rate) ϭ 17.7 Ϯ 7.3, Kbo (opening rate) ϭ 73.9 Ϯ 15.8, Kob (closing rate) ϭ 90.6 Ϯ 14, Kbd (desensitization rate) ϭ 12.6 Ϯ 5.9, Kdb (resensitization rate) ϭ 11.3 Ϯ 4.1, and Kobl ϭ 37.2 Ϯ 5.5 (n ϭ 12). Units for all rate constants, other than Kub, are sec Ϫ1 . On average, P open ϭ 0.45 Ϯ 0.07. This value is higher than in previous studies (Jahr, 1992) and likely reflects differences in the temperature and membrane potential in these recordings.
Nonstationary fluctuation analysis of evoked EPSCs (Clements and Silver, 2000) involved computing the variance of Ͼ20 consecutive EPSCs under control conditions. P r was then reduced, either by lowering extracellular Ca 2ϩ or adding the Ca 2ϩ channel blocker Cd 2ϩ , and the mean and variance were measured when the response stabilized. This process was iterated three to four times in each stable cell. Fits to the relationship between EPSC variance and mean amplitude were calculated with the equation y ϭ Ax Ϫ Bx 2 , where y is EPSC variance, and x is mean EPSC amplitude. A and B are used to calculate quantal amplitude (Q) and P r according to the equations Q ϭ A/(1 ϩ c.v. intra 2 ) and P r ϭ x(B/A)(1 ϩ c.v. intra 2 ), respectively. Parabolic fits and the values of quantal size and P r derived from them assumed intrasite quantal variability of 0.3.
The stability of extracellular field recordings enabled us to vary the concentration of extracellular Ca 2ϩ multiple times within a single experiment to examine the relationship between Ca 2ϩ and glutamate release. In general, experiments began in normal aCSF. After establishing a stable response, the slice was superfused with aCSF with no added Ca 2ϩ for ϳ10 min. The amount of extracellular Ca 2ϩ was then increased iteratively, and the size of the synaptic response was calculated at each concentration. In experiments where transmission was assayed by measuring the amplitude of ON-evoked EPSCs, a stable baseline response was established in normal aCSF and then in the presence of aCSF with a reduced concentration of extracellular Ca 2ϩ . Only experiments in which the response recovered to Ն90% of control after washing back normal aCSF were included in these analyses. The relationship between normalized synaptic response and extracellular Ca 2ϩ was fit with the Hill equation:
EPSC ϭ EPSC max (Ca e n /͑Ca e nϩ K 0.5 n ͒.
K 0.5 is the concentration of calcium that yielded a half-maximal response, and n is the Hill cooperativity coefficient. The average Hill coefficient derived from individual experiments in which at least four Ca 2ϩ concentrations were tested was 2.03 Ϯ 0.17 (n ϭ 4). This value is close to the Hill coefficient obtained from the fit to the pooled data set.
Representative traces are the average of five or more consecutive episodes, except where noted. In most cases, the stimulus artifact has been digitally subtracted. All summary data are presented as mean Ϯ SEM. The Student's t test was used to determine statistical significance.
Results
Olfactory receptor neuron axons form glutamatergic synaptic contacts on the dendrites of principal M/T cells and PG interneurons in olfactory bulb glomeruli (Pinching and Powell, 1971) . We first examined the nature of paired pulse plasticity at these ON terminals. Previous studies indicate that paired pulse stimulation of the ON layer produces PPD of glutamate receptor-mediated EPSCs in both M/T and PG neurons (Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001; Murphy and Isaacson, 2003) . However, the specific contributions of presynaptic versus postsynaptic mechanisms to this form of short-term plasticity are unclear. We first asked whether the degree of PPD depended on the identity of the postsynaptic cell. To address this question, we made simultaneous voltage-clamp recordings (V m ϭ Ϫ70 mV) of ONevoked EPSCs from visualized PG and tufted cells that appeared to project dendrites to the same glomerulus. ON stimulation evoked fast EPSCs in both cell types that were abolished by the AMPA receptor (AMPAR) antagonist NBQX (10 M; data not shown). We measured the paired pulse ratio (PPR; EPSC 2 / EPSC 1 ) of AMPAR-mediated EPSCs in simultaneously recorded PG and tufted neurons evoked by ON stimulation over a range of interstimulus intervals (ISIs; 5-1000 msec). Paired pulse stimulation caused marked PPD that recovered with a monotonic time course, and the magnitude of PPD was identical at all interstimulus intervals examined in the two cell types ( p Ͼ 0.2; n ϭ 7 pairs) ( Fig. 1 A) . These results rule out the possibility that this form of short-term plasticity depends on the postsynaptic target and suggest that PPD is an intrinsic feature of olfactory nerve terminals.
PPD could be a consequence of changes in the amount of neurotransmitter release or reduced sensitivity of AMPARs to synaptically released glutamate. To test the possibility that AM-PAR desensitization contributes to PPD, we applied cyclothiazide to block AMPAR desensitization (Vyklicky et al., 1991; Yamada and Tang, 1993) . Cyclothiazide (100 -200 M; CTZ) slowed the kinetics and increased the amplitude of ON-evoked EPSCs in PG cells ( Fig. 1 B 1 ) but did not change the PPR ( Fig. 1 B 2 ). This result suggests that receptor desensitization does not underlie the marked PPD of AMPAR-mediated transmission at ON synapses. However, in addition to inhibiting AMPAR desensitization, cyclothiazide has been reported to alter transmitter release at some synapses through a presynaptic mechanism (Diamond and Jahr, 1995; Bellingham and Walmsley, 1999) . To further probe whether postsynaptic mechanisms contribute to PPD, we next compared the PPR of AMPAR-and NMDAR-mediated EPSCs in the same PG cells. Although it has been shown that the AMPA and NMDA component of EPSCs can change to the same extent when P r is altered (Perkel and Nicoll, 1993) , some studies have found that the PPR of AMPA-and NMDAR-mediated EPSCs can differ because of relative differences in the degree of saturation or desensitization of the two types of glutamate receptors (Mennerick and Zorumski, 1996; Chen et al., 2002) . We found that the PPR of AMPAR-mediated responses recorded at Ϫ70 mV was not significantly different from that of NMDAR-mediated EPSCs recorded at ϩ50 mV in the presence of the AMPAR antagonist NBQX (10 M) (Fig. 1C) . Together, these data support the notion that postsynaptic factors do not contribute to PPD at ON terminals.
To further address the locus of PPD, we examined the trialto-trial variability of AMPAR EPSCs evoked by paired pulse stimulation. On average, EPSCs evoked by the first stimulus exhibited significantly less variance than those evoked by the second stimulus ( Fig. 1 D 1 ). To determine whether this difference in variability was a consequence of postsynaptic factors, presynaptic factors, or both, we plotted the ratio of the square of the coefficient of variation (CV; CV ϭ SD/mean amplitude) for EPSC 1 and EPSC 2 against the ratio of the mean amplitudes of EPSC 2 and EPSC 1 for a number of experiments ( Fig. 1 D 2 ). From binomial quantal statistics, points falling on or below the line of unity slope would indicate that PPD arises from purely presynaptic changes, whereas points above the line indicate that both presynaptic and postsynaptic changes in quantal transmission underlie PPD (Korn et al., 1984; Faber and Korn, 1991) . In every case, data fell below the line with unity slope (Fig. 1 D 2 ), indicating that the change in variability accompanying PPD could be explained entirely by presynaptic changes. There was no change in fiber excitability between the first and second pulse, because the amplitude of ON-evoked fiber volleys evoked by paired pulse stimulation were similar (data not shown). Together, these data indicate that paired pulse depression at synapses between ON fibers and their targets in the olfactory bulb is a consequence of changes in the amount of transmitter released.
At a variety of central synapses, manipulations that enhance transmitter release decrease the PPR, whereas inhibiting transmitter release increases the PPR (Zucker and Regehr, 2002) . Thus, the PPR is often thought to reflect the underlying probability of transmitter release (P r ) at nerve terminals. Synapses that show paired pulse facilitation are thought to have a relatively low P r , whereas synapses that show PPD are thought to have a high P r (Dobrunz and Stevens, 1997) . The large presynaptic paired pulse depression at ON synapses suggests that these synapses may have a high intrinsic P r . To estimate the P r of glutamate from ON terminals, we first analyzed the rate at which the NMDAR open channel blocker MK-801 inhibited ON-evoked NMDAR EPSCs in PG neurons (Hessler et al., 1993; Rosenmund et al., 1993) . After establishing a stable ON-evoked NMDAR response at ϩ50 mV in the presence of NBQX, stimulation was stopped and MK-801 (40 M) bath-applied. After allowing 4 min for MK-801 to equilibrate at NMDARs in the slice, ON stimulation was then resumed. ON stimulation in the presence of MK-801 caused a rapid progressive block of the amplitude of NMDAR EPSCs (Fig.  2 A 1 ) . Consistent with the open channel-blocking action of MK-801, NMDAR EPSCs in the presence of MK-801 exhibited much faster decay kinetics than under control conditions (Jahr, 1992) (Fig. 2 A 2 ). The progressive block of NMDAR EPSCs was well fitted by a single exponential with a rate constant of 2.13 Ϯ 0.10 episodes (Fig. 2 A 3 ) .
The rate of progressive blockade will depend not only on the P r but also the blocking rate of a given concentration of MK-801 at synaptic NMDARs. We used two approaches to determine the blocking rate of 40 M MK-801 at NMDARs under our recording conditions. First, we repeated the progressive block experiments using a brief focal application of glutamate (100 M; 10 -20 msec) applied by puffer pipette in the presence of tetrodotoxin (1 M). This yielded NMDAR-mediated responses in PG cells (data not shown) that simulate glutamate released from a point source with a P r of 1. The same concentration of MK-801 (40 M) caused a monoexponential progressive block of the amplitude of glutamate-evoked NMDAR responses with a rate of 0.89 Ϯ 0.05 episodes (Fig. 2 A 3 ), only slightly more rapid than the blockade of ON-evoked EPSCs. The percentage of channels opened by glutamate that were blocked by 40 M MK-801 in a single episode can be determined by the amplitude reduction that occurred between the first and second episodes in the blocker (0.70 Ϯ 0.07). Although this approach using exogenously applied glutamate yields an estimate of fractional block, it may not specifically address the properties of NMDARs at ON synapses. To address this concern, we used kinetic modeling of the effect of MK-801 on the time course of NMDAR EPSCs to determine the blocking rate of 40 M MK-801 and the percentage of synaptic channels opened by glutamate that were blocked by MK-801 in a single trial [fraction blocked (FB); see Materials and Methods] (Hessler et al., 1993; Rosenmund et al., 1993; Huang and Stevens, 1997) . To determine the percentage of synaptic channels opened by glutamate that were blocked by MK-801 in a single episode, EPSCs were simulated using fitted rate constants (Fig. 2 A 3 , inset) in the absence and presence of MK-801. The simulated EPSCs were integrated, and a ratio of total charge was used to determine FB. This approach yielded a value for FB of 0.61 Ϯ 0.05, which agrees closely with the amount of inhibition produced by a single application of glutamate in the presence of MK-801 described above. Although this value for the FB of NMDARs by 40 M MK-801 is higher than a previous report in cultured hippocampal neurons (Jahr, 1992) , it is identical to that derived from similar experiments performed in hippocampal slices (Huang and Stevens, 1997) . Presumably, the hydrophobicity of MK-801 makes it difficult to achieve the same effective concentrations at synapses in brain slices compared with isolated neurons in culture. Once the FB of synaptic NMDARs is known, the P r can be determined by dividing the initial progressive blocking rate of the NMDAR EPSC (the amount of inhibition between the first and second stimulus in the presence of MK-801) by the predicted blocking rate if P r ϭ 1 (FB). In our experiments, the initial progressive blocking rate of ON-evoked NMDAR EPSCs (0.47 Ϯ 0.04; n ϭ 14) and FB (0.61) gives P r ϭ 0.77.
Our experiments examining the progressive block of NMDAR EPSCs by MK-801 suggest that ON terminals release transmitter with a high probability (ϳ0.8) after a presynaptic action potential. We next considered whether this technique could detect changes in transmitter release probability by repeating the experiments on ON-evoked EPSCs in the presence of a reduced concentration of extracellular calcium. Reducing extracellular Ca 2ϩ from 2.5 to 1.25 mM to reduce P r decreased the amplitude of AMPAR EPSCs by 41 Ϯ 5% (n ϭ 8; 32°C). In a separate series of experiments, reducing extracellular Ca 2ϩ to 1.25 mM slowed dramatically the rate of progressive blockade of NMDAR EPSCs by MK-801 (Fig. 2 A 3 ) . In 1.25 mM Ca 2ϩ , the initial progressive blocking rate (0.23 Ϯ 0.03) (Fig. 2 A 3 ) was almost exactly 50% of that observed under control conditions, whereas FB was unchanged (0.63 Ϯ 0.05; n ϭ 5). These experiments suggest that the MK-801 technique can track changes in P r and independently demonstrate the validity of the approach as a measure of P r at ON terminals.
The value of P r determined from the progressive blocking rate of NMDARs by MK-801 will be underestimated if synaptic NMDARs are not saturated. To obtain an independent measure of ON P r , we used stationary fluctuation analysis of AMPAR EPSCs (Clements and Silver, 2000) . The variance of ON-evoked EPSCs was determined under control conditions and then again after reducing P r by applying the Ca 2ϩ channel blocker Cd 2ϩ . As expected for synapses with a high P r , the variance of ON-evoked EPSCs was very small under control conditions (Fig. 3A) and increased after application of Cd 2ϩ . In the presence of high concentrations of Cd 2ϩ , where transmission was inhibited by Ͼ75%, the variance was again small. Parabolic fits to the relationship between variance and mean EPSC amplitude indicated that the P r from ON terminals was 0.92 Ϯ 0.03 (n ϭ 6) under control conditions. In five of the six experiments, there was good agreement between the quantal amplitude predicted from the variancemean relationship and the average amplitude of miniature EPSCs measured in the same cells (Fig. 3B) . On average, the mean quantal amplitude predicted from the variance-mean relationships (25.0 Ϯ 10 pA) was indistinguishable from the average amplitude of miniature EPSCs measured in the same cells (21.9 Ϯ 4.3 pA; p ϭ 0.66) (Fig. 3B) . The relatively close agreement between the measured and predicted quantal amplitude provides independent confirmation of this analytical approach. Together, the experiments examining the progressive blockade of ON-evoked NMDAR EPSCs by MK-801 and stationary fluctuation analysis of AMPAR EPSCs indicate that the P r from ON terminals is very high (Ն0.8).
Climbing fiber synapses in the cerebellum release glutamate with a high P r (Silver et al., 1998) and exhibit properties consistent with multivesicular release (Wadiche and Jahr, 2001) . Do all CNS synapses with a high intrinsic P r exhibit signs of multivesicular release? To ask whether multivesicular release occurs at ON terminal synapses, we probed the sensitivity of ON transmission to low-affinity glutamate receptor antagonists under conditions of high and low P r . If multivesicular release occurs at this synapse under control conditions, the concentration of glutamate in the synaptic cleft should be higher and transmission less sensitive to block by low-affinity competitive antagonists than when P r is lowered (Clements et al., 1992; Tong and Jahr, 1994) . We first examined the action of the low-affinity antagonist ␥-DGG (2 mM) on the peak amplitude of ON-evoked AMPARmediated EPSCs evoked by paired pulse stimulation (interstimulus interval, 25 msec) in PG cells. Under control conditions of high P r (2.5 mM Ca 2ϩ ; PPR ϭ 0.44 Ϯ 0.04), ␥-DGG blocked EPSC 1 by 51 Ϯ 4% (n ϭ 12). In cells recorded in low extracellular calcium to reduce P r (0.5 mM Ca 2ϩ ; PPR ϭ 1.53 Ϯ 0.14) (Fig.  4 A) , ␥-DGG blocked EPSC 1 to the same extent (56 Ϯ 5%; n ϭ 10). Similarly, ␥-DGG blocked EPSC 2 by the same amount under conditions of strong paired pulse facilitation or depression (Fig.  4 A) . NBQX (250 nM), a high-affinity AMPAR antagonist, also inhibited ON-evoked EPSCs equally in 2.5 (69 Ϯ 4%; n ϭ 11) and 0.5 mM Ca 2ϩ (69 Ϯ 6%; n ϭ 7). We next examined the actions of a low-affinity competitive antagonist on transmission mediated by NMDARs. Like the low-affinity AMPAR antagonist, a lowaffinity competitive antagonist of NMDARs (L-APV; 1 mM) blocked ON-evoked NMDAR EPSCs to the same extent under control conditions (61 Ϯ 4%; n ϭ 4) and when P r had been reduced (56 Ϯ 6%; n ϭ 6) (Fig. 4 B) . Together, these experiments using low-affinity receptor antagonists indicate that the concentration of glutamate at ON synapses does not change when P r is varied. These findings suggest that although ON synapses have a high intrinsic P r , they do not show evidence of multivesicular release.
To further examine the nature of transmitter release from ON terminals, we explored the relationship between glutamate release and extracellular Ca 2ϩ . At most synapses, this relationship is highly nonlinear (Dodge and Rahamimoff, 1967; Augustine et al., 1985; Mintz et al., 1995; Borst and Sakmann, 1996; Reid et al., 1998; Stevens and Sullivan, 2003) and is well fit by a Hill equation with a cooperativity coefficient between three and four. The nonlinear dependence of transmission on extracellular Ca 2ϩ is thought to reflect the cooperative binding of Ca 2ϩ ions to the Ca 2ϩ sensor that underlies release (Stevens, 2003) . We used recordings of glomerular field EPSPs as well as AMPAR EPSCs in voltage-clamped PG cells (at room temperature) to record changes in synaptic strength under conditions of varying extracellular calcium. Responses were normalized to the amplitude under control conditions (2.5 mM Ca 2ϩ ) and were plotted on a log-log graph (Fig. 5A) . The results using the peak amplitude of the fEPSP (Fig. 5A , closed circles) were in close agreement with measurements of the EPSC amplitude (Fig. 5A, open circles) . Unlike most conventional nerve terminals, the relationship between release from ON terminals and extracellular Ca 2ϩ was well fit by a Hill equation with a cooperativity coefficient of n ϭ 1.52 (Fig. 5A 2 ) . To determine whether the low Ca 2ϩ cooperativity is a general feature of transmission in the olfactory system, we examined the Ca 2ϩ dependence of transmission between the axons of M/T cells and pyramidal cell dendrites in the piriform cortex. Transmission at these synapses exhibited more typical Ca 2ϩ cooperativity (coefficient, n ϭ 3.23) (Fig. 5B) . Thus, glutamate release from ON terminals is not nearly as steeply dependent on extracellular Ca 2ϩ compared with other brain synapses.
Discussion
Synaptic transmission at conventional glutamatergic nerve terminals in the brain is generally unreliable, with the probability of an action potential evoking transmitter release Ͻ Ͻ1. Sensory neurons in the retina and cochlea have presynaptic specializations that enable high fidelity transmission of sensory information (Lenzi and von Gersdorff, 2001 ). In contrast, olfactory receptor neurons project directly to the brain and make conventional nerve endings (Pinching and Powell, 1971; White, 1972 White, , 1973 . In this study, we explored the fundamental features of transmitter release from olfactory nerve terminals in the olfactory bulb. We show that strong paired pulse depression is an intrinsic feature of olfactory nerve terminals. We used several independent methods to show that the probability of release from olfactory nerve terminals is unusually high. Despite having a high probability of release, olfactory nerve terminals do not show evidence of multivesicular release. We also demonstrate that transmission from olfactory nerve terminals is unusual in that the relationship between transmitter release and extracellular Ca 2ϩ is nearly linear. We found that ON terminals show marked PPD at two distinct postsynaptic targets in olfactory bulb glomeruli: principal tufted cells and local interneurons, the periglomerular cells. The similar degree of PPD at these two targets strongly suggests that PPD is an intrinsic feature of glutamate release from ON terminals. The lack of an effect of cyclothiazide on the PPR of ONevoked responses is consistent with the idea that AMPAR desensitization does not underlie PPD. Moreover, the AMPA and NMDA receptor-mediated components of transmission at ON synapses showed nearly identical PPD, unlike other synapses in the CNS, in which AMPAR desensitization contributes to shortterm plasticity (Trussell et al., 1993; Chen et al., 2002) .
One might predict that NMDAR responses would exhibit more PPD than AMPAR responses at ON synapses, because NMDARs should be more readily saturated by synaptically re- . ON-evoked EPSCs are equally sensitive to low-affinity glutamate receptor antagonists under conditions of high or low P r . A, ␥-DGG (2 mM) blocks AMPAR-mediated EPSCs to the same extent, whether P r is high (2.5 mM Ca 2ϩ ) or low (0.5 mM Ca 2ϩ ). Traces from two representative experiments are shown above; the average fractional block of EPSC 1 and EPSC 2 by ␥-DGG when P r is high (n ϭ 12) and low (n ϭ 10) shown below was indistinguishable ( p Ͼ 0.6). B, L-APV (1 mM) inhibits NMDAR-mediated EPSCs evoked by ON stimulation to the same degree when P r is high and low (n ϭ 5; p Ͼ 0.5). leased glutamate. According to this logic, there should be fewer available NMDARs able to respond to glutamate released by the second (test) stimulus, because a sizeable fraction of synaptic NMDARs is still bound by glutamate from the first (conditioning) stimulus. One possibility is that both AMPA and NMDARs at ON synapses are so far from saturation that glutamate release evoked by the first stimulus does not significantly decrease the number of receptors available to be bound by glutamate released during the second stimulus. However, the rapid progressive block of ON NMDAR EPSCs by MK-801 suggests that synaptic NMDARs must be relatively close to saturation when transmitter is released from an ON terminal. One possible explanation for the identical PPR of AMPAR and NMDAR EPSCs is that synapses that release transmitter in response to the first stimulus do not release transmitter during the second stimulus at interstimulus intervals Յ 100 msec. This refractory period might reflect the time it takes to prime another vesicle for release from ON terminals.
Variance analysis indicated that the differences in variability of responses evoked by paired pulse stimulation could be accounted for entirely by presynaptic changes, although we cannot distinguish between a reduction in the number of release sites and a reduction in P r as the mechanism underlying PPD. The strong presynaptic PPD of ON transmission suggested to us that the intrinsic probability of release at ON terminals is high. Indeed, quantitative analysis of the progressive block of NMDAR EPSCs by MK-801 indicated a P r of ϳ0.8. Olfactory receptor neurons are replaced every few weeks (Schwob, 2002) so the identity of cells providing synaptic input to the olfactory bulb is constantly in flux. Might P r or other characteristics of ON synaptic transmission be different at newly formed terminals? The progressive block of ON-evoked responses by MK-801 was well fitted by a single exponential, indicating that the population of ON terminals has a rather uniform distribution of release probabilities. However, it is possible that the proportion of synaptic transmission contributed by recently established ON terminals is too small to be resolved relative to that from more mature synaptic contacts. Alternatively, there may not yet be appreciable regeneration of ORNs over the age range (2-3 postnatal weeks) examined in our study.
Estimating the P r of ON terminals from the progressive blocking rate of MK-801 generally assumes that synaptic NMDARs are close to saturation by synaptically released glutamate (Hessler et al., 1993; Rosenmund et al., 1993) . However, recent studies of hippocampal synapses suggest that NMDARs may not be saturated during a single release event (Mainen et al., 1999; McAllister and Stevens, 2000) . Furthermore, MK-801 blocking experiments could overestimate P r if glutamate spillover from multiple neighboring synapses contributes to the peak amplitude of evoked NMDAR EPSCs. Although we think it is unlikely that these scenarios apply at ON synapses, we used stationary fluctuation analysis of AMPAR EPSCs (Clements and Silver, 2000) to derive a measure of release probability from ON terminals that is independent of assumptions regarding the properties of synaptic NMDARs. In agreement with our previous measure of P r , this approach yielded an average P r close to 1.
It has been suggested in several systems that the peak concentration of glutamate in the synaptic cleft (cleft [glu] ) can be sensitive to the P r (Tong and Jahr, 1994; Wadiche and Jahr, 2001 ). The best evidence supporting a change in cleft [glu] is that competitive low-affinity glutamate receptor antagonists block transmission to a greater extent when P r is lowered. These data have been interpreted to mean that multivesicular release can occur at individual synapses and have led to suggestions that multivesicular release might be a general feature of high P r synapses (Tong and Jahr, 1994; Wadiche and Jahr, 2001) . Although the P r from ON terminals is unusually high, we did not see any obvious changes in the sensitivity of either NMDAR-or AMPAR-mediated synaptic transmission to low-affinity receptor antagonists under conditions of low and high P r . Our results are very similar to those reported recently at synapses between layer 4 and 2/3 neurons in barrel cortex. Like ON terminals, layer 4 neurons release transmitter with a high probability (ϳ0.8), and cleft [glu] is independent of P r (Silver et al., 2003) . Together, these data do not support the idea that the peak cleft [glu] varies as a function of P r at all central synapses, although they do not rule out the possibility that spillover and pooling of transmitter can occur during the decaying phase of synaptic responses.
An intriguing finding in our study is that ON terminals show a relatively linear relationship to extracellular Ca 2ϩ . Could our measurement of the relationship between calcium and ON transmitter release be complicated by other factors? In our calcium dose-response experiments, we substituted Mg 2ϩ in place of Ca 2ϩ to keep the concentration of divalent cations constant. Theoretically, because we alter the calcium/magnesium ratio, one interpretation is that the magnesium sensitivity of release at ON terminals is unusual. However, a role for magnesium in the cooperativity of release has not been established. The most parsimonious interpretation of our data is that the calcium sensitivity of release appears different in the olfactory bulb. Reducing the concentration of extracellular Ca 2ϩ from 2.5 to 1.25 mM reduced the rate of progressive blockade of NMDAR EPSCs by MK-801 by 47%. This is similar to the reduction in synaptic transmission determined from the Ca 2ϩ response relationship using AMPARmediated synaptic responses (ϳ40%). Altogether, our data suggest that the unusually shallow dependence of release on Ca 2ϩ is not a consequence of postsynaptic receptor saturation or multivesicular release at ON synapses. Although the cooperativity between release and Ca 2ϩ was unusual at ON synapses, the concentration of extracellular Ca 2ϩ at which transmission was half maximal was the same (K 0.5 , ϳ1.2 mM) at ON synapses and the synaptic contacts formed by olfactory bulb principal cells in the piriform cortex. These data raise the possibility that Ca 2ϩ -dependent release from ON terminals relies on an atypical form of synaptotagmin that exhibits relatively normal Ca 2ϩ dependence but altered Ca 2ϩ cooperativity. Synaptotagmin IV represents a possible candidate, because it is present in olfactory bulb glomeruli and can regulate the efficacy of transmission (Berton et al., 1997; Littleton et al., 1999) .
What might be the consequences of these intrinsic features of ON transmitter release for olfaction? From a purely anatomical perspective, the massive glomerular-specific convergence of axons from ORNs that detect the same molecular features of an odorant are one way to increase the efficiency of activating principal M/T cells. Our data suggest that the P r from ON terminals is likely near maximal when odorants evoke action potentials at a relatively low frequency in ORNs. This would serve to ensure transmission of information contained in the sparse firing of olfactory receptor neurons activated by threshold odorant concentrations. In contrast, strong paired pulse depression likely constrains the saliency of bursts evoked by high concentrations of odorant to the first spike. PG cells are thought to release dopamine and GABA in olfactory bulb glomeruli (McLean and Shipley, 1988; Smith and Jahr, 2002 
